Plexins belonging to the plexin-A subfamily form complexes with neuropilins and propagate signals of class 3 semaphorins into neurons, even though they do not directly bind the semaphorins. In this study, we identified a new member of the plexin-A subfamily in the mice, plexin-A4, and showed that it was expressed in the developing nervous system with a pattern different to that of other members of the plexin-A subfamily (plexin-A1, plexin-A2 and plexin-A3). COS-7 cells coexpressing plexin-A4 with neuropilin-1 were induced to contract by Sema3A, a member of the class 3 semaphorin. Ectopic expression of plexin-A4 in mitral cells that are originally insensitive to Sema3A resulted in the collapse of growth cones in the presence of Sema3A. These results suggest that plexin-A4 plays a role in the propagation of Sema3A activities. q
Introduction
In the development of the nervous system, axons navigate along particular paths toward their final targets after interacting with various cues that are provided by intermediate targets. In the last decade, the identification and characterization of molecules that regulate the directional growth of axons has progressed extensively. To date, several molecules that can attract or repel axons and their neuronal receptors have been identified.
The semaphorins comprise a family of more than 20 secreted and transmembrane proteins, and are divided into eight classes (Semaphorin Nomenclature Committee, 1999) . Secreted semaphorins belonging to class 3 are potent neuronal chemorepellents or attractants. Sema3A, a class 3 semaphorin, induces growth cone collapse or repels axons of dorsal root ganglia (DRGs) neurons, sympathetic ganglia neurons and hippocampal neurons in vitro (Luo et al., 1993; Fan and Raper, 1995; Püschel et al., 1995; Chen et al., 1998; Chédotal et al., 1998) . In Sema3A mutant embryos, fiber pathways and projections in the peripheral nervous system (PNS) were disorganized . Sema3F, another class 3 semaphorin, repels axons of sympathetic ganglia neurons and hippocampal neurons in vitro (Chen et al., 1998; Chédotal et al., 1998 ). These results suggest major roles for class 3 semaphorins in the directional guidance of axons.
The class 3 semaphorins bind to neuropilins (neuropilin-1 and neuropilin-2) with a high affinity (Chen et al., 1997; He and Tessier-Lavigne, 1997; Kolodkin et al., 1997) . Neuropilin-1-deficient DRG neurons taken from neuropilin-1 mutant mouse embryos did not respond to Sema3A in vitro (Kitsukawa et al., 1997) . Neuropilin-2-deficent sympathetic ganglia neurons did not respond to Sema3F (Chen et al., 2000; Giger et al., 2000) . In addition, neuropilin-1 mutant mouse embryos (Kitsukawa et al., 1997) and neuropilin-2 mutant mouse embryos (Chen et al., 2000; Giger et al., 2000) showed severe defects in nerve fiber pathways and projections. Together, these results indicate that neuropilins are required to mediate the signals of class 3 semaphorins (for a review see Fujisawa and Kitsukawa, 1998) . However, it was shown that the cytoplasmic segment of neuropilin-1 was not required for the propagation of Sema3A signals (Nakamura et al., 1998) , suggesting that neuropilins interact with other molecules to form receptor complexes for class 3 semaphorins.
Plexin is a type 1 membrane protein that was originally identified in the nervous tissues of Xenopus tadpoles (Takagi et al., 1987; Ohta et al., 1992 Ohta et al., , 1995 Satoda et al., 1995) . To date, several plexins have been identified in invertebrates (Winberg et al., 1998; Fujii et al., 2002) and vertebrates (Kameyama et al., 1996a,b; Maestrini et al., 1996; Comeau et al., 1998; Tamagnone et al., 1999) . The vertebrate plexins are grouped into four subfamilies, plexin-A, plexin-B, plexin-C and plexin-D. In the mouse and human, three plexins belonging to the plexin-A subfamily, plexin-A1 (plexin-1/NOV), plexin-A2 (plexin-2/OCT) and plexin-A3 (plexin-3/SEX), have been identified (Kameyama et al., 1996a,b; Maestrini et al., 1996) . Line of studies has shown that neuropilins form complexes with members of the plexin-A subfamily to propagate signals of class 3 semaphorins into cells and neurons (Takahashi et al., 1999; Tamagnone et al., 1999; Rohm et al., 2000) .
Here we report a new member of the mouse plexin-A subfamily, plexin-A4, which was isolated by by reverse transcription-polymerase chain reaction (RT -PCR) from mRNAs of mouse embryonic brains and subsequent cloning. We examined the spatial and temporal expression patterns of plexin-A4 in the developing mouse nervous system by in situ hybridization (ISH) analysis, and report that plexin-A4 is expressed with a pattern different to that of other members of the plexin-A subfamily (plexin-A1, plexin-A2 and plexin-A3; Murakami et al., 2001) . We also report that Sema3A induces contraction of COS-7 cells in which a full-length plexin-A4 but not a mutant plexin-A4 lacking the cytoplasmic segment has been coexpressed with neuropilin-1. In addition, we report that Sema3A induces growth cone collapse in mitral cell axons in which the fulllength but not the mutant plexin-A4 has been ectopically expressed. These findings suggest that, similar to other members of the plexin-A subfamily, plexin-A4 makes receptor complexes with neuropilins for class 3 semaphorins and propagates semaphorin-elicited inhibitory signals into cells and neurons. Fig. 1 . Deduced amino acid sequences of mouse plexin-A4. The putative signal sequences at the amino terminus and the predicted transmembrane domain are shown by a bold underline and a double-underline, respectively. The Sema domain is boxed. Cysteines and 12 putative N-linked glycosylation sites within the extracellular segment are marked by closed circles (X) and triangles (L), respectively. Three MRS/cysteine clusters are marked by shaded boxes.
Results

Cloning and molecular structure of a novel mouse plexin, plexin-A4
To identify plexin-A-related molecules, we designed two sets of degenerate oligonucleotide primers, one for the sequences in the cytoplasmic segment and another for the sequences in the extracellular segment of the plexin-A subfamily (see Materials and methods), and performed RT -PCR on the mRNAs prepared from mouse embryonic brains. The PCR products were subcloned into the Tcloning vector. As the products contained cDNA fragments of known members of the plexin-A subfamily, we treated the clones with restriction enzymes which can digest the plexin-A1, plexin-A2 and plexin-A3 cDNAs (see Section 4), and selected two cDNA clones, PH25 and PH65, the restriction patterns of which differed from those of known plexins, PH25 and PH65 were amplified by the cytoplasmic and the extracellular primer sets, respectively. Sequence analysis showed that they encoded novel plexin-related proteins. To isolate full-length cDNAs, we screened a randomly primed cDNA library of mouse embryonic brains (1:0 £ 10 6 plaques) using the PH25 and PH65 cDNAs as probes, and obtained two cDNA clones, I13 for PH25 and O5 for PH65. The DNA sequences of the clones completely overlapped for 927 bp, and covered an open reading frame of 5670 bp, suggesting that these cDNA clones encode a novel plexin-related protein.
The deduced amino acid sequence reveals that the protein has a putative signal sequence (amino acids (aa) 1-20) and a transmembrane domain (aa 1230-1255) (Fig. 1) . The presumed extracellular segment contains 12 putative Nlinked glycosylation sites (Asn-X-Ser/Thr, X -Pro). The protein contains domains or motives that are characteristic to the plexin-A subfamily; the Sema domain (aa 36-554), three MRS/cysteine clusters (C1, C2, C3) and three glycineproline (GP) repeats (see Ohta et al., 1995; Kameyama et al., 1996a,b; Maestrini et al., 1996; Winberg et al., 1998) in the extracellular segment, and the SP domains (see Tamagnone et al., 1999 ) and a putative tyrosine kinase phosphorylation site (R,K)-X(2,3)-(D,E)-X(2,3)-Y (aa 1804 -1811; see Patschinisky et al., 1982; Ohta et al., 1995) in the cytoplasmic segment (Fig. 1) .
A database search based on amino acid identity ( Fig. 2B ) and an analysis of the evolutionary relationships (Fig. 2C ) among vertebrate and invertebrate plexins revealed that the novel plexin most resembled the plexin-A subfamily, in particular human plexin-A4. Therefore, we referred to the newly isolated plexin as mouse plexin-A4, the fourth member of the mouse plexin-A subfamily. 
Expression of plexin-A4 in developing nervous systems
To examine expression patterns of plexin-A4 in the developing mouse nervous system, we performed ISH analysis using an anti-sense plexin-A4 RNA as a probe. As plexin-A4 was expressed widely in both the central and peripheral nervous systems, we here describe its expression in selected parts of the nervous system, including the ganglia and motor nuclei of the PNS, the somatosensory system, the olfactory system, the auditory system, the visual system, the neocortex and the hippocampal formation.
Expression of plexin-A4 in peripheral ganglia and motor nuclei
A strong ISH signal for the plexin-A4 transcripts was detected in all embryonic sensory ganglia, including the dorsal root ganglia (Fig. 3A) , the trigeminal ganglia (Fig.  3B) , the superior-and inferior vagal ganglia (Fig. 3C) , the superior and inferior glossopharyngeal ganglia (Fig. 3C) , the geniculate ganglia of the facial nerve, the spiral ganglia of the inner ear ( Fig. 4E ) and the vestibular ganglia (Fig.  4E ). Plexin-A4 was also expressed in all embryonic peripheral autonomic ganglia and neurons: The sympathetic ganglia (Fig. 3D,E) , the coeliac ganglia ( Fig. 3E ) and enteric neurons in the digestive tract (Fig. 3F) , the ciliary ganglia, the sphenopalatine ganglia, the submandibular ganglia and the otic ganglia showed strong ISH signals. Plexin-A4 started to be expressed in these peripheral ganglia when they developed; For example, the plexin-A4 transcripts were first detected in the trigeminal ganglia, the dorsal root ganglia or the sympathetic ganglia at embryonic day 10 (E10) (data not shown). The plexin-A4 transcripts were also detected in a subset of the spinal motor neurons (Fig. 3A ) and motor nuclei of the brainstem, such as the nucleus ambiguus, the dorsal nucleus of the vagus (Fig. 3H ), the facial nucleus (Figs. 3D and 4F), the motor trigeminal nucleus, the oculomotor nucleus ( Fig. 3G ) and the hypoglossal nucleus (Fig. 3H ).
Expression of plexin-A4 in the somatosensory system
Besides the peripheral sensory ganglia, plexin-A4 was expressed in the nuclei constituting the somatosensory pathways, such as the dorsal horn of the spinal cord to which the DRG afferents project (Fig. 3A) , the sensory trigeminal nuclei that receive the trigeminal afferents (Figs. 3D and 4F), the ventral posterolateral and posteromedial thalamic Fig. 4 . Expression of plexin-A4 in the olfactory system, the visual system and the auditory-equilibrium system. Distribution of the plexin-A4 transcripts in the olfactory epithelium and the olfactory bulb (A,B), the neural retina (C,D), the inner ear (E,F) and central nuclei of the auditory-equilibrium system (F) of E16.5 embryos (A -C,E,F) and a P0 mouse (D). The transcripts were detected by ISH using DIG-labeled (A,B,E,F) or radioisotope-labeled (C,D) probes. (E) and (F) were taken from sections adjacent to the section shown in Fig. 3D . AMC, amacrine cell layer; AON, anterior olfactory nucleus; ApC, ampulla crista; CD, cochlear duct; CN, cochlear nucleus; CR, cochlear receptors; Ctx, cortex; Le, lens; MOB, main olfactory bulb; MVe, medial vestibular nucleus; NR, neural retina; OE, olfactory epithelium; OpD, optic disk; Sacc, saccule; SD, semicircular duct; SM, saccula maculae; SpG, spiral ganglion; SpVe, spinal vestibular nucleus; SuVe, superior vestibular nucleus; UM, utricular maculae; Utr, utricle; VeG, vestibular ganglion; VNO, vomeronasal organ; for other abbreviations, see the legend to nuclei that receive somatosensory inputs through the DRGs and trigeminal ganglia, respectively (Fig. 3I) , and the layer 4 of the somatosensory cortex where thalamic sensory afferents terminate (Fig. 5C ).
Expression of plexin-A4 in the olfactory system
Plexin-A4 was expressed in the olfactory sensory epithelium but not the sensory epithelium of the vomeronasal organ (Fig. 4A ). Transcripts were detected in most parts of the olfactory sensory epithelium. Plexin-A4 was expressed strongly in the anterior olfactory nucleus (Fig.  4B) , but not at all in the main and accessory olfactory bulbs (Fig. 4A,B) . Plexin-A4 was also expressed in the anterior cortical amygdaloid nucleus, the bed nucleus of the accessory olfactory tract and the medial amygdaloid nucleus to which the output neurons of the principal or accessory olfactory formations project.
Expression of plexin-A4 in the visual system
In the developing neural retina, the plexin-A4 transcripts were detected in the amacrine cell layer (Fig. 4C,D) and cells surrounding the optic disc where retinal axons (the optic nerve fibers) exit the eyeball (Fig. 4C) . The expression of plexin-A4 in the cells at the optic disc was obvious at E12.5-16.5, but down-regulated thereafter. The plexin-A4 transcripts were not detected in photoreceptor cells, bipolar cells or ganglion cells. Plexin-A4 was expressed but weakly in the lateral geniculate body (data not shown) and the superior colliculus to which the optic nerve projects (Fig.  3G ).
Expression of plexin-A4 in the auditory and equilibrium systems
The plexin-A4 transcripts were detected in the cochlear receptors (the organ of Corti), the spiral ganglia, the utricular and saccular maculae, the vestibular ganglia and the non-sensory epithelium of the membranous labyrinth but not the ampullary crests (Fig. 4E,F) . Our previous study (Murakami et al., 2001) showed that expression of plexin-A1 was restricted to the nuclei of the auditory pathways. In contrast, expression of plexin-A4 was prominent in the nuclei that comprise the equilibrium pathways such as the medial, superior and spinal vestibular nuclei to which axons from the vestibular ganglia (the vestibular nerve) project (Fig. 4F ), but moderate in the nuclei of the auditory pathways, including the cochlear nucleus to which the axons from the spiral ganglia (the auditory nerve) project (Fig. 4F ) and the inferior colliculus where ascending fibers from the brain stem auditory nuclei converge.
Expression of plexin-A4 in the neocortex and the hippocampal formation
In the neocortex of embryos and neonatal mice, a strong ISH signal for the plexin-A4 transcripts was detected in the superficial part of the cortical plate (Fig. 5A,B) . Plexin-A4 was also expressed but weakly in the deeper part of the cortical plate, the intermediate zone and the subventricular zone but not undifferentiated cells in the ventricular zone. The expression of plexin-A4 in the neocortex started in the ventro-lateral part, then expanded dorsally and medially through embryonic development. In postnatal development, the expression of plexin-A4 in the neocortex was downregulated. In P16 mice, a moderate ISH signal for the plexin-A4 transcript was detected in the layer 4 of the somatosensory cortex where the sensory thalamic afferents terminate (Fig. 5C ).
In the hippocampal formation from E15.5 embryos, plexin-A4 was expressed strongly in the stratum pyramidalis of the cornu ammonis (CA) 1 field but weakly in the CA3 field or the dentate gyrus (Fig. 5D) . In P0 mice, plexin-A4 was expressed in cells of the CA3 field and the dentate gyrus, as well as the CA1 field (Fig. 5E) . In P10 mice, the expression of plexin-A4 was strong in the dentate gyrus but slightly down-regulated in the CA regions (Fig. 5F ).
Effect of Sema3A on morphology of COS-7 cells coexpressing plexin-A4 and neuropilin-1
It has been demonstrated that, when plexin-A1 was coexpressed with neuropilin-1 in COS-7 cells, the cells were contracted by Sema3A, suggesting that plexin-A1 and neuropilin-1 form receptor complexes for Sema3A and propagate Sema3A signals into cells (Takahashi et al., 1999) . Therefore, to examine whether plexin-A4 propagates Sema3A signals, we cotransfected cDNAs encoding the full-length plexin-A4 protein (PlexA4) or a cytoplasmic segment-deleted plexin-A4 protein (PlexA4DC) with the neuropilin-1 cDNA (Nrp1) into COS-7 cells, and analyzed the responsiveness of these cells to Sema3A.
When 3 nM of alkaline phosphatase (AP)-tagged Sema3A (AP-Sema3A) which was sufficient to induce the full collapse of growth cones in cultured DRG neurons (data not shown) was added to the culture of COS-7 cells transfected with Nrp1 cDNA alone, the Sema3A bound weakly to the cells and did not induce any morphological change in these cells (Fig. 6A) . In contrast, when the same amount of AP-Sema3A was applied to the cultures of COS-7 cells cotransfected with the PlexA4 cDNA and Nrp1 cDNA, the Sema3A strongly bound to the cells and induced cell contraction (Fig. 6B,E) . Addition of AP did not induce morphological change in these cells (Fig. 6C) . On the other hand, COS-7 cells cotransfected with PlexA4DC cDNA and Nrp1 cDNA did not show any morphological change in response to AP-Sema3A, even though the Sema3A strongly bound to the cells (Fig. 6D,E) . AP-Sema3A did not bind to COS-7 cells transfected with PlexA4 cDNA alone (data not shown). Taken collectively, these results suggest that plexin-A4 can propagate Sema3A-elicited cell contraction activity when it coexists with neuropilin-1, and also that propagation of Sema3A-elicited cell contraction signals into cells requires the cytoplasmic segment of the plexin-A4 protein.
2.4. Sema3A-dependent growth cone collapse in mitral cell axons with exogenous plexin-A4 Next, to examine whether plexin-A4 can propagate Sema3A signals into neurons, we expressed PlexA4, PlexA4DC or Nrp1 in cultured mitral cells of the main olfactory bulb using the HSV promoter (see Section 4) and analyzed the effect of Sema3A on the morphology of growth cones. Mitral cells of the main olfactory bulb express neuropilin-1 (Kawakami et al., 1996) and three members of the plexin-A subfamily (plexin-A1, plexin-A2 and plexin-A3; Murakami et al., 2001) but not plexin-A4 (see Fig. 3A , B). Moreover, it has been reported that Sema3A does not effectively induce growth cone collapse in cultured mitral cell axons of chick embryos (Shepherd et al., 1996) . Therefore, mitral cells seem to be a good model with which to test the contribution of plexin-A4 to Sema3A signaling. We cultured small fragments of the main olfactory bulb from E13.5 mouse embryos and added viral stocks expressing PlexA4, PlexA4DC or Nrp1 (see Section 4) to the cultures. Infection of viral stocks with a high titer itself suppressed neurite outgrowth. Therefore, we selected viral stocks with a moderate titer.
Long neurites sprouted from the olfactory bulb explants were immunopositive with anti-neuropilin-1 antibody and assumed to be axons of mitral cells . In the present culture conditions, most mitral cell axons possessed a typical growth cone (Fig. 7A) . To monitor the expression of plexin-A4 in mitral cells, we tagged plexin-A4 cDNAs by myc. However, most mitral cell axons and their growth cones examined were weak in myc-immunohistochemistry. Neurite outgrowth of mitral cell axons with much myc-plexin-A4 might be suppressed. Therefore, we calculated total number of axons with or without growth cone. There was no difference in the incidence of mitral cell axons that lacked growth cones among the uninfected (10.0^2.5%), the Nrp1 virusinfected (9.7^1.1%) and the PlexA4DC virus-infected (14.9^1.8%) (Fig. 7C) . However, the number of mitral cell axons without growth cone increased in the PlexA4 virus-infected cultures (25.0^2.1%). Addition of APSema3A (3 nM) resulted in a significant increase in growth cone collapse (Fig. 7B ) in the PlexA4 virus-infected cultures (57.9^2.6%), but not in the uninfected (14.7^1.5%), the Nrp1 virus-infected (21.8^1.3%) or the PlexA4DC virus-infected (22.8^2.1%) cultures (Fig.  7C) . The increase in growth cone collapse in the PlexA4 virus-infected but not the PlexA4DC virus-infected cultures exposed to Sema3Asuggests that plexin-A4 is involved in the propagation of the growth cone collapse activity of Sema3A into mitral cells.
Discussion
Involvement of plexin-A4 in propagation of Sema3A signals
It has been reported that members of the plexin-A subfamily form receptor complexes with neuropilins to propagate signals of class 3 semaphorins into cells or neurons (Takahashi et al., 1999; Tamagnone et al., 1999; Rohm et al., 2000) . In this study we performed RT -PCR on mRNAs prepared from embryonic mouse brains and identified a new member of the plexin-A subfamily, plexin-A4. We then examined whether the new plexin is involved in the propagation of Sema3A activities.
First, we analyzed the effects of Sema3A on COS-7 cells expressing plexin-A4 and found that Sema3A strongly bound to cells coexpressing plexin-A4 and neuropilin-1 and induced their contraction. We also found that Sema3A did not induce any morphological change in COS-7 cells coexpressing a cytoplasm segment-deleted plexin-A4 (PlexA4DC) and neuropilin-1, even though it strongly bound to the cells. These results suggest that plexin-A4 forms a complex with neuropilin-1 and takes part in the propagation of Sema3A-elicited cell contraction signals, as plexin-A1 and plexin-A2 do (Takahashi et al., 1999) .
Second, we found that the ectopic expression of the fulllength but not the cytoplasmic segment-deleted plexin-A4 in mitral cells driven by the HSV promoter induced a responsiveness to Sema3A in these cells and resulted in the growth cone collapse of their axons by Sema3A. In the growth cone collapse assay, we used 3 nM of Sema3A that can induce full collapse of growth cones in DRG sensory neurons. However, the Sema3A induced growth cone collapse in only 60% of the PlexA4 virus-infected mitral cell axons (see Fig. 7C ). This may reflect the efficiency of viral infection: When we infected olfactory bulb explants with a virus that expresses green fluorescent protein (GFP), only 40-80% of mitral cells became GFP-positive (unpublished) . The increase in growth cone collapse in the PlexA4 virus-infected but not the PlexA4DC virus-infected cultures suggests that plexin-A4 is involved in the propagation of growth cone collapse activity of Sema3A into mitral cells, and that the cytoplasmic segment of plexin-A4 is required for the propagation. As mitral cells express neuropilin-1 in vivo (Kawakami et al., 1996) and in vitro , the results may imply that exogenous plexin-A4 would form complexes with endogenous neuropilin-1 to propagate Sema3A-elicited growth cone collapse activity in these cells.
Taken collectively, the Sema3A-elicited morphological change in COS-7 cells coexpressing plexin-A4 and neuropilin-1 and also the induction of growth cone collapse by Sema3A in mitral cell axons with exogenous plexin-A4 suggest that plexin-A4 would form receptor complexes with neuropilins, at least neuropilin-1, and can propagate Sema3A-elicited inhibitory signals into cells and neurons. It is open to question why mitral cell axons do not respond to Sema3A, even though they normally express plexins (plexin-A1, plexin-A2 and plexin-A3) that can make receptor complexes with neuropilin-1 to propagate Sema3A activities. Mitral cells might have systems that suppress function of these plexins.
Possible roles of plexin-A4 in the developing nervous system
The present and previous (Murakami et al., 2001 ) ISH analyses show that four members of the mouse plexin-A subfamily (plexin-A1, plexin-A2, plexin-A3 and plexin-A4) are expressed in overlapping but largely distinct populations of developing neurons. It has also been shown that neuropilin-1 and neuropilin-2 are expressed in particular classes of developing neurons (for neuropilin-1 see Takagi et al., 1995; Kawakami et al., 1996; Kitsukawa et al., 1997;  for neuropilin-2 see Chen et al., 1997) . Therefore, the combination of plexin-As and neuropilins seems diverse among neurons.
This study and other (Murakami et al., 2001 ) have shown that plexin-A3 and plexin-A4 are major members of the plexin-A subfamily in peripheral sensory neurons and sympathetic ganglion neurons. The expression of plexin-A1 and plexin-A2 is moderate in the trigeminal ganglia, limited to particular neuronal subsets in DRGs, and nearly absent in the sympathetic ganglia. On the other hand, both neuropilin-1 and neuropilin-2 are expressed in DRG sensory neurons and sympathetic ganglion neurons (for neuropilin-1 see Kawakami et al., 1996; Kitsukawa et al., 1997 ; for neuropilin-2 see Chen et al., 1997) . Therefore, in the peripheral sensory and sympathetic ganglion neurons, plexin-A3 and plexin-A4 are most likely to form receptor complexes with neuropilins for class 3 semaphorins.
We found that COS-7 cells coexpressed plexin-A3 with neuropilin-1 were contracted by Sema3A (unpublished). Moreover, a recent targeted disruption study on the plexin-A3 gene (Cheng et al., 2001) has shown that the plexin-A3-deficient DRG neurons and sympathetic ganglion neurons partially lose their responsiveness to Sema3A in vitro. These results imply that plexin-A3 is involved in the signaling of Sema3A activities. The partial loss in responsiveness to class 3 semaphorins in the plexin-A3-deficient neurons is in contrast to our previous finding that neuropilin-1-deficient DRG neurons completely lost their ability to respond to Sema3A (Kitsukawa et al., 1997) , suggesting that members of the plexin-A subfamily other than plexin-A3 are involved in the propagation of Sema3A signals in the peripheral sensory and sympathetic ganglion neurons. As infection of DRG neurons with the PlexA4-virus induced growth cone collapse and suppressed neurite outgrowth without Sema3A (unpublished), we did not directly show the functions of plexin-A4 in these neurons. The strong expression of plexin-A4 in these neurons, however, suggests that a most likely candidate is plexin-A4. Neuropilin-1 mutant embryos exhibited severe abnormalities in nerve fiber pathways and projections of peripheral sensory neurons (Kitsukawa et al., 1997) and the dislocation of sympathetic ganglion neurons (Kawasaki et al., 2002) . PNS sensory efferent projections were also disorganized but only moderately in neuropilin-2 mutant embryos (Chen et al., 2000; Giger et al., 2000) and plexin-A3 mutant embryos (Cheng et al., 2001) . Therefore, it is likely that both plexin-A3 and plexin-A4 form complexes with neuropilin-1 or neuropilin-2 to propagate signals of class 3 semaphorins and play roles in the patterning of the PNS and sympathetic nervous system.
Fibers from the anterior olfactory nucleus are major components of the anterior commissure. The anterior olfactory nucleus shows strong ISH signals for the neuropilin-2 (Chen et al., 1997) and plexin-A4 (present study) transcripts but moderate signals for the neuropilin-1, plexin-A1, plexin-A2 or plexin-A3 transcripts (unpublished). Moreover, it has been shown that neuropilin-2 mutant mice lack the anterior commissure (Chen et al., 2000; Giger et al., 2000) , Together, these results suggest that, in neurons of the anterior olfactory nucleus, plexin-A4 makes a receptor complex with neuropilin-2 for probably Sema3F and regulates the formation of the anterior commissure.
Pyramidal neurons in the cornu ammonis (CA1, CA2 and CA3) of the hippocampal formation express four members of the plexin-A subfamily (Murakami et al., 2001; Cheng et al., 2001 ; present study), neuropilin-1 (Kawakami et al., 1996) and neuropilin-2 (Chen et al., 1997) . The dentate gyrus strongly expresses neuropilin-1 (Kawakami et al., 1996) , neuropilin-2 (Chen et al., 1997; Chédotal et al., 1998) , plexin-A2 (Murakami et al., 2001 ) and plexin-A4 (Cheng et al., 2001 ; present study) but only moderately expresses plexin-A1 and plexin-A3 (Murakami et al., 2001) . Pyramidal neurons of the CA regions and granule cells of the dentate gyrus from plexin-A3 mutant mice are less responsive to Sema3A and Sema3F (Cheng et al., 2001) . Moreover, the pathways and projections of hippocampal association fibers from the CA regions and mossy fibers from the dentate gyrus are disorganized in plexin-A3 mutant mice (Cheng et al., 2001) , implying that plexin-A3 plays a role in the signaling of class 3 semaphorins and nerve fiber guidance in the hippocampal formation. The strong expression of plexin-A4 in hippocampal neurons suggests the importance of this molecule in the guidance of their axons, but requiring further analyses.
In conclusion, the various combination of four members of the plexin-A subfamily and two neuropilins in developing neurons may serve as receptors for class 3 semaphorins and play roles in the establishment of diverse but fairly stereotyped nerve fiber patterns.
Experimental procedures
Isolation of novel plexin cDNAs by RT -PCR
The first-strand cDNA was generated against poly(A) þ RNA purified from mouse brains at E16.5, using a SUPERSCRIPT Choice System for DNA Synthesis (Gibco-BRL). On the basis of amino acid (aa) sequences that are conserved among three members of the mouse plexin-A subfamily (plexin-A1, plexin-A2 and plexin-A3; Kameyama et al., 1996a,b) , the following two sets of degenerated primers (PLH1/PLH2 and PLH3/PLH4) were designed.
PLH1: T(ACGT)GA(AG)TG(CT)AA(AG)GA(AG)G-C(ACGT)TT(CT)GC(ACGT)G PLH2: CC(CT)TT(CT)TCCAT(CT)TG(CT)TG(CT)T-T(AGT)AT(ACGT)GC PLH3: AGG(ACGT)(AT)(CG)(ACGT)GG(ACGT)-GA(CT)CC(ACGT)CA(CT)TG(CT)GG PLH4: AC(GT)(CT)TG(ACGT)CC(ACGT)(C-G)(AT)(CT)TG(ACGT)GG(CT)TG(ACGT)GG
PLH1 and PLH2 correspond to aa 1292-1300 (LECK-EAFAE) and aa 1465 -1473 (AIKQQMEKG) in the cytoplasmic segment of the mouse plexin-A1 protein, respectively. PLH3 and PLH4 correspond to aa 524-531 (GSRDPHCG) and aa 729 -737 (RNLPQPQSG) in the extracellular segment of the mouse plexin-A1 protein, respectively. RT -PCR was performed using Ex-Taq DNA polymerase (TaKaRa). PCR conditions were as follows: one cycle at 94 8C for 5 min, followed by 30 cycles at 94 8C for 30 s, at 55 8C for 1.5 min, and at 72 8C for 1 min. Reaction products were purified and cloned into T-cloning vector (p57/T, Fermentas).
To exclude cDNA clones that encode known members of the plexin-A subfamily, we treated the clones with Nde I, Pvu II and Pst I, which restrict the plexin-A1, -A2 and -A3 cDNA fragments, respectively, and selected clones that were resistant to the enzymes or cut into different patterns by the enzymes. A randomly primed cDNA library (1:0 £ 10 6 plaques) of E15-postnatal day 0 (P0) mouse brains (Kameyama et al., 1996a,b) was screened using 32 Plabeled PCR products. Isolated cDNAs were sequenced in both directions and analyzed with GENETYX-MAC/ATSQ (Software Development Co. Ltd.).
In situ hybridization
Embryos or brains of ICR strain mice (Chubu Kagaku Shizai, Japan) were fixed with 4% paraformaldehyde in 10 mM phosphate-buffered saline, pH 7.4 (PBS) overnight.
Cryostat sections (20 -40 mm thick) were thaw-mounted on poly-L-lysine (PLL; SIGMA)-coated glass slides. In situ hybridization (ISH) using 35 S-labeled RNA probes was performed, as described previously (Kawakami et al., 1996; Murakami et al., 2001 ). Both 35 S-labeled antisense and sense cRNA probes were transcribed from a 0.72 kb fragment of the mouse plexin-A4 cDNA (bp 2285 -3004) in pBluescriptII SK(2 ) (Stratagene) according to the manufacturer's instructions. After autoradiography, the sections were counterstained with toluidine blue and observed under a dark-and light-field microscope. Non-radioactive digoxygenin (DIG)-labeled cRNA probes were generated using DIG Labeling Mix (Roche) according to the manufacturer's recommendations. ISH using a DIG-labeled probe was performed as described previously (Schaeren-Wiemers and Gerfin-Moser, 1993) . The sense RNA probes gave no significant ISH signals.
Expression of plexin-A4 and neuropilin-1 in COS-7 cells
cDNA encoding the entire plexin-A4 protein (PlexA4 cDNA; bp 1037-6655, see Fig. 1 ) and a mutant plexin-A4 cDNA in which the sequence encoding the cytoplasmic segment of the protein had been deleted (PlexA4DC cDNA; bp 1037-4657) was flanked with the signal sequence of the mouse Sema3A, added the myc-tag (EQKLISEEDL) at the N-terminal, and then ligated into the cloning site Xho I of the expression vector pCAGGS (Niwa et al., 1991 ; a gift from Dr. Miyazaki). The expression vector for neuropilin-1 has been reported elsewhere (Shimizu et al., 2000) . The expression vectors were transfected into COS-7 cells using LipofectoAMINE (Invitrogen). COS-7 cells were cultured with Dulbecco's modified Eagle's medium (DMEM; Nissui, Japan) containing 10% fetal bovine serum (FBS; JRH Bioscience). Expression of the plexin-A4 proteins was determined by immunostaining of the cells with an anti-myc antibody (the culture supernatant of hybridoma 9E10; Evan et al., 1985) and an AP-labeled antimouse IgG antibody (Roche) as a secondary antibody. Expression of neuropilin-1 proteins was determined by immunostaining with an anti-neuropilin-1 antibody (Kawakami et al., 1996) .
Detection of cell morphological change induced by Sema3A
Plexin-A4-expressing COS-7 cells were cultured in 12-well culture dishes (4 £ 10 4 cells/well) for 2 days. The culture supernatant of HEK293T cells that secrete APtagged Sema3A (AP-Sema3A) was added to the cultures for 1 h. The cultures were washed with Hank's balanced salt solution containing 20 mM HEPES and 0.5 mg/ml of bovine serum albumin (BSA), and then fixed with 4% paraformaldehyde. The binding of AP-Sema3A to cells was detected by procedures reported elsewhere (Shimizu et al., 2000) .
Expression of plexin-A4 and neuropilin-1 in neurons by herpes simplex virus (HSV) promoter
The expression of plexin-A4 and neuropilin-1 in neurons by the herpes simplex virus (HSV) promoter was done following the procedures reported previously (Takahashi et al., 1999; Nakamura et al., 1998) . In brief, myc-tagged PlexA4 cDNA, myc-tagged PlexA4DC cDNA or mouse neuropilin-1 cDNA (Kawakami et al., 1996) were inserted into the multicloning sites of a plasmid, pHSVpcMCS, which contains the immediate early promoter 4/5 of HSV, pcDNA1 multicloning sites and an HSV packaging site. The plasmid (2 mg) was transfected into HSV packaging cell line 2-2 with LipofectAMINE (Invitorogen), and then superinfected with 5dl5 HSV helper virus after 1 day of incubation. The recombinant viral stocks were amplified through two sequential rounds of infection, and then stored at 2 80 8C. Small fragments of the main olfactory bulbs from E13.5 mouse embryos were cultured in PLL (100 mg/ml)-coated 8-well Permanox chamber slides (Nalge Nunc) with conditioned medium of a glial cell culture. The glial cell culture was prepared by 3 -4 time passages of a primary culture of the neocortex from P0 mice with NEUROBASAL medium (Gibco) containing B-27 supplement (Gibco) and 2 mM glutamine. The viral stocks were added at 16 h in culture.
Detection of growth cone morphology
To examine the effect of Sema3A on the morphology of growth cones, explants of the main olfactory bulbs were cultured for an additional 24 h, and then AP-Sema3A (3 nM) was added for 1 h. The cultures were fixed with 3.7% formaldehyde in PBS supplemented with 10% sucrose for 1 h at 4 8C, washed with 0.1% Triton X-100 in PBS (PBSTx), and then incubated with Rhodamine -Phalloidin (1: 200 dilution; Molecular Probes) in PBSTx for 2 h.
